Abstract. The development of NMR/MRI REBa2Cu3Oy (REBCO, RE = Rare Earth) magnets is undergoing all over the world. However, a screening current-induced magnetic field (SCMF) is a serious problem for NMR/MRI magnets wound with REBCO tapes. The reduction of SCMF is strongly desired, and the estimation of SCMF is also desired at the design stage of REBCO magnets. In order to evaluate a SCMF, a finite element method (FEM) or a boundary integration method is needed so far, and a high-level simulation technique is required.
shape. To reduce irregular magnetic fields generated by screening currents, a few methods, e.g. a shaking field effect and an over-shooting charging method, have been shown [5, 6] . These methods are effective and useful in the reduction of screening current-induced magnetic field (SCMF), however it is desired to estimate the SCMF at the REBCO magnet design stage.
Many simulation methods of SCMF have also been proposed [4, [7] [8] [9] [10] [11] [12] . Yanagisawa and Amemiya et al. have represented each HTS winding turn with many circular coils, and calculated the screening currents induced in the circular coils [7] [8] [9] . Itoh et al. have simulated screening currents in REBCO tapes using a 2D finite element method (FEM) and a Biot-Savart law, where a 3D tape structure is transformed into 2D space [10, 11] . Ueda et al. have obtained screening currents in 3D space using a 3D FEM and the Biot-Savart law accelerated with a fast multipole method in an iteration solver [4, 12] . The simulation methods coupling with the FEM and the Biot-Savart law produce an accurate SCMF, however a long computation time and an advanced simulation technique are necessary. The above-mentioned circularcoil-approximation methods also need an approximation technique and a long computation time. Hence, it is desired to develop a simple method to obtain SCMFs. Although the FEM-based method usually takes 1 month, the simple method needs a few ten minutes at the longest.
In the paper, we proposed an easy method to simulate SCMFs and screening currents in REBCO magnets. In the proposed method, the inductance of each turn of REBCO coil is calculated, and then the screening current is obtained from a magnetic field perpendicularly penetrating into REBCO tape surfaces, as shown in Figure 1 . Finally, the SCMFs are calculated from the screening currents. The results were compared with measurements and FEM results. Our results showed a qualitative agreement, however small differences can be seen. However, the easily estimated SCMFs are enough accurate to know the characteristics of REBCO magnet. Finally, the inductance of REBCO magnet is given, because a measured inductance is not identical to an ideal one due to screening currents. Table 1 lists the specifications of a REBCO single pancake coil to derivate the SCMFs. At first, the inductance of REBCO tape with respect to screening current is calculated. As shown in Figure 2 , the REBCO single pancake is cut and expanded. When the sheets of expanded REBCO tapes are considered as a coil, the inductance Lsc for a screening current is obtained as:
2.!Simple Screening Current-Induced Magnetic Field Estimation Method

2.1.!Screening current-induced magnetic field
( 1) where µ0, N, Sav, and d are the magnetic permeability of free space, the number of turns, the average area of REBCO tape surface per one turn, and the thickness of REBCO single pancake coil, respectively. When the average magnetic field Bav penetrates into the REBCO tapes (as shown in Figure 3 ), the total magnetic flux ! is (2) where w and l are the REBCO tape width and the average length of one turn, respectively. Here, the averaged magnetic field Bav is the magnetic field at middle point of cross section of REBCO single pancake coil and easily computed from the Biot-Savart law or the FEM. Hence, as shown in Figure 4 , the total induced screening current Isc is derived from:
where S = wl and bav is the average magnetic field per the operating current Iop (Bav = bav Iop), and " is the screening current constant, respectively. When a magnet consists of multiple pancake coils connected in serial, the average magnetic field experienced on a pancake coil is given by: (rj, zj) are the average magnetic field experienced on the coil j, the number of pancake coils, the average constant of magnetic field generated by the coil i at the location (rj, zj) where is at the center of cross section of coil j.
Next, let us derive the magnetic fields generated by the screening currents. Here, we supposed that the screening currents circumferentially flow along the top and bottom edges of REBCO single pancake coil as shown in Figure 5, Finally, we need one assumption that when the coil critical current carries in REBCO single pancake coil, the SCMF becomes zero. Although the screening current phenomenon is much complicated, a linear approximation is employed in the proposed method. As shown in Figure 6 , the SCMF linearly decreases with the operating current Iop when Iop is higher than the half coil critical current (1/2 Ic coil ). Eventually, the SCMF Bsc sim are represented by:
.
When multiple single or double pancake coils exist, it is possible to obtain the SCMF generated by them according to the superposition principle.
2.2.!Coil inductance
The measured inductance of REBCO magnets during charging is smaller than the simulated one, due to the screening current. In this paper, the correction of inductance calculation is shown below.
The magnet constant b0, which means the on-axis field per operating current, is easily computed using the Biot-Savart law or the FEM. However, the generated on-axis magnetic field is reduced by the screening current. Therefore, the coil inductance L is also reduced by (8) where Lsim is the coil inductance obtained by the simulation, and bsc sim is the SCMF constant superposing the SCMF constant of all the pancake coils:
3.!Appropriate range of turn-to-turn contact resistivity To confirm the validity of the proposed simple estimation method, it is applied to two different magnets. The computation results are compared with the measurements and the FEM results. The NI REBCO insert magnet consists of 12 single pancake coils with a radius of 7 mm, and is wound with REBCO tape (SuperPower Inc.) with a REBCO layer thickness of 5 µm. 
3.1.!2 double and 4 single pancake coils
At first, the simulation results of the simple estimation method are compared with the SCMF experimental data generated by a magnet, which consists of 2 double and 4 single pancake coils [13] ( Figure 7 ). The specifications of the coils are listed in Table 2 . The coils were cooled in a liquid nitrogen bath. The coils were charged in three different conditions; (1) all the pancake coil are simultaneously charged to 30 A with 10 A/min., (2) DPs 1 and 2 and SPs 1 and 2 are charged to 30 A with 10 A/ min., but SPs 3 and 4 are not charged, and (3) SPs 3 and 4 are charged to 30 A with 10 A/ min., but DPs 1 and 2 and SPs 1 and 2 are not charged, as shown in Figure 8 . Table 3 shows the experienced magnetic field constants generated by each pancake coil.
In the screening current experiments, the coil constant CC (T/A) is obtained by measuring a magnetic field with small current applying in the normal state, without screening current. And then, a magnetic field B0 is measured during charging the coils immersed in liquid nitrogen. Here, the measured screening current-induced magnetic field Bsc exp is defined as follows [13]:
(10)
3.1.1.! Case I: All the pancake coils charging at the same time
First of all, all the parameters, the inductance L, the experienced magnetic field constant bav, the screening current constant " ", and the SCMF constants # + and # -, of each single pancake coils calculated from (1)-(6) are listed in Table 4 .
Figures 9 and 10 show the screening currents Isc and the on-axis SCMFs Bsc of each single pancake coil as a function of the operating current Iop. Figure 11 presents the simulated SCMF derived from (7) with the experimental data obtained from (8) and the simulation results of the FEM coupled with the thin approximation method (TAM) [14] accelerated by the fast multipole method [15, 16] . The peak of the SCMF of the proposed method, the measurement, and the FEM simulation are -1.37 mT at 17.2 A, -0.65 mT at 13.1 A, and -1.49mT at 18.3 A, respectively. The SCMF of the simple estimation method well agreed with that of FEM + TAM, but shows a qualitative agreement with the measurement. Since the SCMF is too small to measure accurately, the quantitative difference would be seen. It can be said that the proposed simple method can easily calculate the screening current-induced magnetic field in a short time (less than 1 s). It took almost 3 days to compute the SCMF by FEM + TAM. The SCMFs of our simple method, the measurements, and the FEM + TAM are given in Figure 12 . These three results well agree each other.
3.1.2.!Case II: DPs 1 & 2 and SPs 1 & 2 charging
3.1.3.!Case III: SPs 3 & 4 charging
The SPs 3 & 4 energizes to 30 A with 10 A/min. Although the transport current does not carry into DPs 1 & 2 and SPs 3 & 4, it is necessary to consider the screening currents induced in these coils. Figure 13 shows the SCMFs of the proposed method, the measurements, and the FEM + TAM as a function of the transport current. The result of our method qualitatively agrees with those of the measurement and the FEM + TAM, and it is smaller than the measurement and the FEM + TAM. However, since the order of these values are identical, the simple estimation method can represent the SCMF well.
Through all the results of cases I-III (Figures 11-13) , the absolute value of the SCMF calculated by our method is smaller than that of the FEM + TAM. The causes are: (1) the SCMF is roughly computed
using the average magnetic field experienced on pancake coils, and (2) the magnetic fields generated by the screening currents are considered. Nevertheless, the SMCF curves are in good agreement.
3.2.!14-T no-insulation REBCO insert magnet
The proposed simple method to estimate the SMCF is applied to a 14-T no-insulation (NI) REBCO insert magnet which was designed to be inserted into a 31-T LTS outer magnet in order to generate 45 T at National High Magnetic Field Lab., Tallahassee, USA. Figure 14 shows the schematic drawing, and Table 5 indicates the specifications of the insert magnet. To compare the SCMFs, the insert magnet was operated alone in a liquid helium bath, and the on-axis magnetic fields were measured at Iop = 9.46 A and 49.8 A. However, since the magnet was wound with the NI technique, the 8.96 A and 48.9 A currents would, respectively, flow in the circumferential direction.
In this experiment, we defined the SCMF as follows. We measured the on-axis magnetic field B0 exp , but it contained the SMCF. Hence, the SCMF Bsc exp is derived from subtracting the simulated magnetic field without the SCMF B0 sim from B0 exp : (11) The measured SCMF Bsc exp , the measured and simulated on-axis magnetic fields are listed in Table 6 . Figure 15 plots the measured, proposed, and FEM + TAM simulated SCMFs [11] as a function of transport current. All the SCMFs are in good agreement at the low transport current. The measured SCMF at 48.9 A is higher than the simulated ones, however the order of SCMFs are not largely different. Figure 16 shows the SCMFs generated by each single pancake. All the SCMFs agree well each other except SPs 6 and 7. The SCMF of SPs 6 and 7 obtained by the simple estimation method are lower than those of the FEM + TAM, because the magnetic fields generated by the screening current in the other SPs are not considered in the proposed method. In addition, the proposed method cannot express the saturation accurately. Although some SCMFs of the FEM + TAM begin saturating between 30 -40 A, all the SCMFs of our method decrease monotonously.
Next, Table 7 shows the magnet inductances. The measured inductance is low, as compared with the one simulated by FEM. It is caused by the screening current. Hence, the modified inductance is calculated using (8), and it is in agreement with the measured one. It is useful and effective that the inductance can be estimated using the simulation before it is experimentally obtained.
4.!Conclusion
Although methods to calculate screening current-induced magnetic fields in REBCO pancake coils have been proposed, high expertise in numerical simulation is required. We propose a new simple calculation method of screening currents and its induced field. In the simple SCMF estimation method, the inductances of REBCO pancake coils on screening current are derived, and then the screening currents induced by the magnetic fields perpendicular to the wide surface of REBCO tape are obtained. Subsequently, the SCMFs are conducted from the screening currents. All the derivation is simple and easy, so it is easy to calculate the SCMFs without high skills in numerical simulation.
Using the proposed method, the SCMFs of a simple magnet consisting of 8 pancake coils are computed and compared with the measurements and the simulation results of the finite element method with the thin approximation method. Although the measurements would be not accurate, both the simulation results are in good agreement. Next, the SCMFs of 12 pancake coils are simulated with the proposed method. The simulated SCMFs agree with the FEM + TAM well, however the measured SCMF is higher than the simulation results. It is hard to accurately measure the SCMFs. This method can deliver the screening current-induced magnetic fields with moderate accuracy, without high expertise in numerical simulation.
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